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Dynamic Nonlinear Resistance Model for a Power
MOSFET in an Oscillatory RLC Circuit

Soniya Raju , Member, IEEE, D. Alistair Steyn-Ross, Marcus Wilson ,
and Nihal Kularatna, Senior Member, IEEE

Abstract— This paper presents the development of a new1

MATLAB MOSFET model specifically designed for RLC circuits.2

The key contribution is the formulation of a novel equation3

that accurately captures the device behavior across subthreshold,4

above-threshold regions and at threshold point, addressing5

limitations in existing models. The developed model treats the6

MOSFET as a variable resistance element, with the resistance7

changing dynamically at each instant, enabling the solution8

of differential equations governing the RLC circuit. Curve9

fitting and refinement were conducted based on experimental10

results, leading to a close match between the simulations and11

experimental data. The model was tested with triangle, sinusoidal12

and quadrilateral gate voltages, and the simulation results show13

good match with the experimental data, demonstrating the14

model’s accuracy. It provides a straightforward way to predict15

performance, making it easier to refine and optimize the design16

gate voltage before physical implementation. This work provides17

a solid foundation for MOSFET modeling in oscillatory RLC18

circuits, which can be applied to a wide range of power electronics19

applications.20

Index Terms— Supercapacitors, transcranial magnetic stimu-21

lation (TMS), power semiconductor switches, pulse generator,22

magnetic stimulation, pulse circuits, nonlinear MOSFET model.23

I. INTRODUCTION24

METAL-OXIDE semiconductor field effect transistor25

(MOSFET) models play a crucial role in simulating26

and understanding device behavior in power electronics.27

Various MOSFET models have been developed to accurately28

represent their characteristics in circuit simulations. These29

models fall into three broad categories: physics-based,30

analytical, and behavioral. Physics-based models, often used31

in technology computer-aided design (TCAD) simulations,32

focus on detailed internal phenomena such as electron33

mobility, channel length modulation, and threshold voltage34

shifts. While these models offer high accuracy, they can be35

computationally intensive and difficult to use for practical36

applications in power circuits due to the complexity of37

the physical phenomena being modeled [1], [2]. Analytical38

models, such as the Unified Charge Control Model (UCCM),39

rely on mathematical expressions to describe device behavior40

and to provide a clear relationship between key parameters41

like current, transconductance, and threshold voltage. Though42
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more efficient for simulations than physics-based models, 43

they can become complicated when high accuracy is 44

required [3], [4]. 45

Behavioral models, including widely-used SPICE models, 46

are designed to simplify the simulation of MOSFETs for 47

practical applications like power converters, automotive 48

systems, and switching devices. These models focus on 49

representing the overall electrical behavior of the MOSFET 50

rather than the internal physical details. SPICE models are 51

generally preferred for applications requiring fast and efficient 52

simulation because they strike a balance between accuracy 53

and simplicity. A SPICE model for a 6.5 kV SiC MOSFET 54

was recently developed to closely match the device’s static 55

and dynamic characteristics, demonstrating how behavioral 56

models can still achieve reasonable accuracy for power 57

applications [5]. While behavioral models are simpler and 58

more user-friendly, they can lack the precision needed for 59

complex scenarios, particularly where parasitic elements (stray 60

inductance and capacitance) or extreme operating conditions 61

such as high switching frequencies or elevated temperatures 62

come into play. 63

One of the major challenges in MOSFET modeling is 64

the accurate simulation of switching behavior and parasitic 65

effects. SiC MOSFETs offer lower on-state resistance than 66

traditional silicon MOSFET, higher breakdown voltages, and 67

faster switching speeds, making them suitable for high- 68

voltage and high-frequency applications [6]. While several 69

models have been proposed for SiC MOSFETs, such as the 70

Hefner model and its derivatives [7], these models often 71

require extensive parameter extraction from datasheets or 72

experimental data, limiting their practical use in everyday 73

circuit design. A recent approach involves using a modified 74

Enz-Krumenacher-Vittoz (EKV) model [8] for SiC MOSFETs, 75

which offers a single equation for the entire operating 76

range, from weak to strong inversion. This model has been 77

successfully applied to simulate SiC MOSFETs in high- 78

frequency switching applications, with validation against 79

experimental data. 80

Several studies have focused on modeling SiC power 81

devices. PSpice is widely used for SiC MOSFET modeling, 82

but its limitations in handling complex equations can affect 83

accuracy [8]. MATLAB/Simulink, with superior simulation 84

and data processing capabilities, offers an alternative. 85

Tornello et al. [9] developed an analytical model for 86

single and parallel SiC configurations, achieving accurate 87
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Fig. 1. Proof-of-concept prototype. Gate control signals for MOSFET S1 and S2 ensure that these switches are never ON at the same time. (a) Overall system
with photos inserted showing external drivers to S1 from Arduino processor board, gate-drive waveform generator for S2 and oscilloscope; (b) experimental
power stage.

switching transient behavior and energy loss predictions88

compared to SPICE models using 2D and 1D Look-Up89

Tables (LUTs) for device characteristics. Ferretti et al. [10]90

implemented a MATLAB-based approach to create I-V-T maps91

(lookup tables), including operating regions not covered in92

datasheets. Zeng et al. [11] conducted modeling research93

on parasitic capacitances (Cds) and (Cgd) using MATLAB94

Simulink, extracting values from datasheets and curve-fitting95

for accuracy. While these studies relied on datasheet-based96

modeling and simulation, none explored the internal MOSFET97

variations, such as dynamic resistance changes, highlighting a98

gap in the current research.99

Wang et al. [12] proposed a modeling method using PSpice100

with a dual voltage-dependent lookup table approach based on101

the envelope of the switching trajectory. Their method defines102

the value ranges for gate-source voltage (vGS) and drain-source103

voltage (vDS) during interterminal capacitance operation104

periods, considering only essential data within the switching105

trajectory and discarding unnecessary information outside it.106

Talesara et al. [13] implemented an analytical subcircuit model107

for SiC MOSFETs into Synopsys Saber [14], validating it108

against measured DC characteristics. They employed distinct109

equations for sub-threshold and threshold regions instead110

of a unified equation and used a Simulink-based approach111

rather than a purely mathematical one. Yang et al. [15]112

employ small-signal oscillations, utilizing linear analysis113

without attempting to model the actual switching phase 114

transition. 115

Despite these advancements, existing MOSFET models 116

still face limitations when applied in circuit simulations, 117

particularly in power electronics. Many models are either 118

too complex for practical use or fail to accurately match 119

experimental results, especially in scenarios involving parasitic 120

inductance and capacitance, which are common in power 121

circuits. Engineers often encounter difficulties when trying 122

to use off-the-shelf MOSFETs for which detailed models are 123

unavailable. For instance, while several SiC MOSFET models, 124

such as the Hefner model and SPICE models, are available, 125

they often require complex parameter extraction processes and 126

do not always capture all the physical phenomena that occur 127

at different operating temperatures or switching speeds [16]. 128

This highlights the need for a more simplified and generalized 129

MOSFET model that can closely match experimental data 130

without the need for extensive parameter tuning. 131

This paper aims to address this gap by proposing a new 132

MOSFET model, developed in MATLAB, which is based 133

on experimental results and tailored for use in electrical 134

RLC circuits as first trial step. The model introduces a 135

new equation that simplifies the representation of MOSFET 136

behavior, focusing on the static and dynamic characteristics 137

that are critical for power electronics applications. Unlike 138

existing models that are either overly complex or limited in 139
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their accuracy, this model is designed to be easy to implement140

while maintaining close alignment with experimental results.141

This approach offers a practical solution for engineers looking142

to simulate MOSFETs in power converters, motor controllers,143

and other high-voltage applications, where both accuracy and144

simplicity are essential. By bridging the gap between detailed145

physics-based models and simplified behavioral models, the146

proposed model provides a more balanced solution for modern147

power electronics design [5], [6], [8], [16], [17].148

This paper details the development of a MATLAB simulation149

to model a MOSFET, enabling predictions of its behavior and150

the output of an RLC circuit. This RLC circuit is integral to151

the supercapacitor-based TMS pulse generator [18], which has152

been developed and successfully tested. To advance the design153

further, a simulation model was essential to verify output154

pulses, perform precise pulse shaping, and assess the impact of155

varying gate voltages on TMS pulse characteristics. However,156

no existing MOSFET equation or model was suitable for this157

application, prompting us to derive a new equation and create158

a MATLAB MOSFET model tailored for in-depth analysis.159

The process begins with an overview of the background160

study conducted for modeling, followed by modifications to161

existing equations to ensure proper functionality within the162

circuit. The creation of the MATLAB model is then described,163

based on experimental data, resulting in a complete MOSFET164

simulation model capable of predicting output current and165

voltage as functions of time, in response to gate voltage166

input. Finally, a comparison between the modeling and167

experimental results for a different scenario is presented.168

This study presents a solution applicable to any oscillatory169

RLC circuit incorporating a MOSFET, offering insights and170

modeling techniques beneficial for a range of applications171

beyond TMS pulse generation.172

II. EXPRESSION FOR DRAIN CURRENT173

Figure 1 shows the overall system, including the circuit174

diagram of the TMS pulse generator setup. This pulse175

generator [18] incorporates an RLC circuit in the final stage to176

excite the TMS coil. We developed this MOSFET model as part177

of our research study focused on pulse shaping capabilities and178

predicting the output TMS pulse. In this section, we discuss179

the modeling of the RLC part alone for a generic study.180

Consider an RLC circuit containing an embedded MOSFET181

to control oscillatory current as shown in Fig. 2. We explicitly182

include the internal resistances of the capacitor (rC) and the183

inductor (rL).184

Applying Kirchhoff’s voltage law to Fig. 2,185

vC = vL + (rL + rC + rDS)iL (1)186

where the ideal inductor voltage is given by vL = L diL
dt187

Equation (1) can be rewritten as a first-order differential188

equation,189

diL

dt
=

1
L

[vC − (rL + rC + rDS)iL] (2)190

Thus if we know rDS, we can numerically integrate Eq. (2) to191

find iL(t).192

Fig. 2. The circuitry illustrates a RLC circuit, featuring the electrolytic
capacitor C1 along with its internal resistance rC feeding an inductive load
characterized by an inductance L and its internal resistance rL. It includes a
MOSFET switch represented as a nonlinear resistance rDS, which depends on
the gate-source voltage.

In these equations, we do not consider the MOSFET as a 193

typical switching component. Instead, it is treated as an analog 194

device, which behaves like a variable resistor controlled by the 195

voltage applied to the gate. The challenge is to determine the 196

time-varying resistance of the MOSFET as a function of input 197

gate voltage for incorporation into differential equation (2). 198

By controlling the gate voltage vGS, a MOSFET can be 199

operated in distinct regions as shown in Fig. 3(a): subthreshold 200

(vGS < vT), and above-threshold (vGS > vT). When gate 201

voltage exceeds threshold, the MOSFET output characteristics 202

moves from linear to saturation mode as vGS increases. Our 203

focus is on developing a unified description for MOSFET 204

behavior that encompasses transition through threshold. 205

A. Subthreshold (vGS < vT) 206

In the subthreshold region, also known as the weak/cutoff 207

region, the transistor remains in an ‘off’ state with minimal 208

conduction. The small current flow into the drain is described 209

by an exponential function of vGS: 210

iD ≈ iD0 exp
(

vGS − vT

η vTh

)
(3) 211

where applied gate voltage (vGS), threshold voltage (vT), 212

thermal voltage (vTh), and a subthreshold ideality factor (η) is 213

used. The ideality factor accounts for the subthreshold division 214

of the applied voltage between the gate insulator and the 215

depletion layer [20]. 216
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Fig. 3. (a) Drain current (ID) against gate-source voltage (vGS) of 25 ◦C and (b) drain current against the drain–source voltage for various gate voltages
for MOSFET IXFK120N65 × 2 from data-sheet [19].The red dotted line in (b) indicates the above-threshold separation between linear and saturation modes,
corresponding to vDS being less or greater than (vGS − vT) respectively. The threshold voltage (vT) is set to 4 V here for demonstration, as the datasheet
specifies a range for vT between 3 and 6 V.

Fig. 4. (a) Curve fit (red line) for the MOSFET drain current iL for data points (black dots) from experiment using Eq. (7) which failed to fit; (b) improved
curve using equation Eq. (15), provided a good match for the forward-path measurements.

B. Above Threshold (vGS > vT)217

In the above-threshold region, there are two operation modes218

depending on the drain-current characteristic with respect to219

drain-source voltage as in Fig 3(b). These are linear (also 220

referred to as triode or ohmic), and saturation modes. 221

1) Linear mode (vGS > vT, vDS < (vGS − vT)), the 222

transistor activates, creating a narrow channel for current 223
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to flow from drain to source. This region operates like224

a resistor, its conductance controlled by the gate-source225

voltage. The drain current in linear/ohmic mode consists226

of linear and quadratic terms as:227

iD = µnCox
W
L

(
(vGS − vT)vDS −

vDS
2

2

)
(4)228

where µn is the charge carrier effective mobility, Cox is229

the gate oxide capacitance per unit area, gate width (W )230

and gate length (L) [21]. According to this equation,231

when the drain voltage is small, the drain current232

becomes a linear function of vDS:233

iD = µnCox
W
L

(vGS − vT)vDS. (5)234

2) The saturation mode (vGS > vT, vDS > (vGS −vT)), also235

above threshold, and since drain voltage is greater than236

the source voltage, it results in an increased electron237

dispersion and conduction through a broader channel.238

The drain current in saturation mode is:239

iD = µnCox
W
L

[vGS − vT]2 [1 + λvDS] . (6)240

The parameter λ accounts for the impact of channel241

length modulation on drain current, known as the Early242

effect, and it is measured in inverse volts (V−1) [22].243

It represents the change in drain current with respect244

to drain voltage due to variations in the channel length.245

Figure 3(b) shows the data-sheet version of input and246

output characteristics with the boundary between linear247

and saturation modes marked by the red line.248

C. Near Threshold (vGS = vT)249

In our application, we require the MOSFET to operate250

at and near threshold since the high voltage across the251

inductor coil is achieved at the time of switch off (when gate252

voltage goes below threshold). Surprisingly, this region has not253

been thoroughly analyzed by researchers [4], [23]. Analytical254

solutions like the parallel-plate charge-control model and255

the unified charge-control model exist [24], [25], [26], yet256

they lack precise analytical solutions for the subthreshold or257

near-threshold region. For many applications, an approximate258

solution used in these models is [4]:259

iD = 2 io ln
[

1 +
1
2

exp
(

vGS − vT

η vTh

)]
(7)260

where i0 is the current corresponding to the minority carriers261

at threshold. This equation can be further expressed in terms262

of a variable X :263

iD = 2io ln
[

1 +
X
2

]
, where X = exp

(
vGS − vT

η vTh

)
. (8)264

Equation 7 can be evaluated across different regions to265

determine its applicability for sub-threshold, above-threshold,266

and near-threshold regions.267

1) Subthreshold Region: In the subthreshold region (vGS < 268

vT), where X ≪ 1, we can approximate the exponential term 269

for small values as: 270

ln[1 +
X
2

] ≈
X
2

for small X. (9) 271

This simplifies Eq. (7): 272

iD ≈ 2 io

[
X
2

]
= io exp

(
vGS − vT

ηvTh

)
. (10) 273

2) Above-Threshold Region: In the above-threshold region 274

(vGS > vT), where X ≫ 1, the exponential term dominates. 275

We can approximate it as: 276

ln
[

1 +
X
2

]
≈ ln

[
X
2

]
. (11) 277

and Eq. (7) simplifies to: 278

iD ≈ 2 io ln
(

1
2

)
+ 2 io

vGS − vT

ηvTh
, (12) 279

in agreement with Eq. (3). 280

3) At Threshold: At the threshold (vGS = vT), we have: 281

X = 1, (13) 282

so the equation becomes: 283

iD = 2 io ln
[

1 +
1
2

· 1
]

= 2 io ln
(

3
2

)
. (14) 284

Thus at the threshold condition, the current iD is not equal 285

to io. 286

Equation (7) is suitable for both above and below the 287

threshold regions but not near the threshold region, as iD is 288

not equal to the initial current at the threshold point [27], 289

[28], [29]. All analytical approaches available are designed 290

for lower power and small-signal MOSFETs. But no analytical 291

model have been developed for power MOSFETs. We initially 292

tried to use Eq. (7) to fit the data points of the measured drain 293

current versus gate voltage for our power MOSFET, but failed. 294

Thus we modified the drain current equation to read: 295

iD =
io

ln 2
ln

(
1 +

[
exp

(
vGS − vT

η vTh

)]p)
(15) 296

This equation can be further expressed in terms of a variable 297

X : 298

iD =
io

ln 2
ln[1 + X p

], where X = exp
(

vGS − vT

η vTh

)
. (16) 299

Where, we have introduced a new parameter, the exponent p, 300

and replaced the factor 2 in Eq. (7) with 1
ln 2 for reasons that 301

will be explained in Section IV. 302

Figure 4(a) illustrates the failed curve fit using Eq. (7), 303

while Fig. 4(b) demonstrates the successful fit achieved by 304

employing the modified equation (15), which aligns much 305

better with the data points (black dotted points). 306
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III. METHODOLOGY307

The following summarizes the steps we took to develop the308

MOSFET MATLAB model:309

1) Development of the drain-source current equation, iLfit :310

No equation or expression determines the drain-source311

current at all the MOSFET regions (subthreshold, at the312

threshold, above-threshold). So we modified an existing313

equation used in the literature [27] to fit experimental314

results as shown Eq. 15.315

2) Computing the resistance of the MOSFET: After316

developing an equation for the current in step 1, the next317

step is to find the MOSFET drain-source voltage equation.318

To achieve this, experimental data of vDS (drain-source319

voltage), vGS (gate source voltage), and iL (TMS coil320

current) is utilized. Curve fitting is employed on the321

graph of vDS versus vGS to obtain the vDSfit equation.322

Curve fitting involves creating a mathematical function323

or curve that best fits the series of data points obtained324

from plotting vDS versus vGS. With the vDSfit equation325

in hand, the rDSfit of the MOSFET can be determined by:326

rDSfit =
vDSfit(vGS)

iLfit(vGS)
(17)327

3) MATLAB model: Now we can use this rDSfit in the328

differential Equation 2 as:329

diL

dt
=

1
L

[
vC − (rL + rC + rDSfit(vGS))iL

]
(18)330

and solve it using any solver available in MATLAB for331

a given vGS(t) profile. We have used ode15s to obtain332

good output results depending on the input gate voltage.333

We have chosen the MATLAB platform for simulation334

instead of other options because the need for pre-335

cise characterization of the MOSFET, specifically the336

IXFK120N65×2, used in the experiment. As the circuit337

performance depends on the MOSFET turn-off behavior,338

relying solely on the on-resistance provided in the data339

sheet or MOSFET models in simulation software such340

as SPICE would not be adequate. Therefore, we have341

chosen to calculate the resistance of the particular342

MOSFET at every instant using the experimental data343

we have. Furthermore, there is a gap in the available344

literature, as there was no common drain-source current345

equation that could be used in all regions. Hence, we had346

to develop a new equation.347

IV. DISCUSSION OF MODEL348

We now explain the introduction of the ln 2 divisor and the349

exponent p in Eq. (15). It is critically important to note that350

p is itself a function of (vGS − vT), as shown by the fitting in351

the next section.352

A. Subthreshold353

In the subthreshold region (vGS < vT), where X ≪ 1, we set354

p = 1 (this is the maximum value for the p to capture the355

exponential characteristic of the subthreshold regime):356

iD =
io

ln 2
ln[1 + X ], (19)357

and using 358

ln[1 + X ] ≈ X for small X 359

we obtain 360

iD ≈
io

ln 2
exp

(
vGS − vT

η vTh

)
. (20) 361

matching the Eq. (3), exponential form expected for MOSFETs. 362

B. Above Threshold 363

In the above-threshold region (vGS > vT) where X ≫1, 364

we use p ≈ 0.2 (the value of p reduces from below-threshold 365

to above-threshold as we need the current curve to change 366

from exponential to linear), iD becomes a linear equation: 367

iD =
io

ln 2
ln[1 + X p

] (21) 368

and using 369

ln[1 + X p
] ≈ ln X p for large X p

370

we obtain 371

iD =
io

ln 2
ln[X p

] =
io

ln 2
ln

[
exp

(
vGS − vT

η vTh

)]p

372

= p
io

ln 2

(
vGS − vT

η vTh

)
(22) 373

Equation (15) requires a gate-voltage dependent variable p 374

to capture the transition from subthreshold to above-threshold 375

behavior. 376

C. At Threshold 377

At threshold, when vGS = vT , X p
= 1 for any value of p 378

iD =
io

ln 2
ln[1 + X p

] = io (23) 379

The modified term (ln 2) was added in Eq. (15), so that at 380

threshold iD should be equal to i0. 381

The exponent p is defined by a tanh function of MOSFET 382

gate voltage, 383

p =
1
2

(
p1 + p2 + (p2 − p1) tanh

(
vGS − vT

η vTH

))
. (24) 384

By modifying the Eq. 7, we achieve a successful fit 385

that aligns with the subthreshold, at threshold, and above 386

threshold regions. This approach treats the MOSFET as a 387

variable resistance governed solely by the gate-source voltage, 388

simplifying the analysis compared to treating the MOSFET as 389

a switch. Moreover, it indirectly incorporates the influence of 390

drain-source voltage on the resistance, thereby accounting for 391

its effect in the model. 392

The crucial aspect of our application revolves around 393

understanding MOSFET characteristics during turn-off, partic- 394

ularly the voltage across and current through the inductor 395

as the MOSFET transitions to its non-conducting state. 396

This necessitates a robust equation that accurately models 397

behavior below, near and above threshold. Through analysis 398

of experimental data, we derived the new equation (Eq. 15) 399

to model high-power MOSFET behavior, thus addressing the 400

limitations of existing analytical approaches. 401
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Fig. 5. (a) Gate voltage with forward path (0 to 10 V) and reverse path (10 V
to 0) marked (the triangular wave is not captured for the initial 25 µs due to
configuration of the triggering mechanism in the oscilloscope); (b) measured
drain-source voltage and (c) coil current from the experimental setup used
for the MOSFET model (To correct for current probe delay, we advanced the
measured current trace by 3 µs prior to plotting).

V. COMPUTING THE RESISTANCE OF THE MOSFET402

Now that the drain-source current equation that accurately403

fits the experimental data is developed, the next step is to404

determine the resistance of the MOSFET. To do so, the voltage405

fit equation is also required. Experimental data is utilized406

to understand the MOSFET behavior in the circuit, observing407

how the drain current and drain-source voltage vary with408

gate voltage. We now describe the method used to obtain409

both voltage and current fits, which allow us to calculate the410

resistance fit.411

A. Voltage Fit412

In our attempt to model the MOSFET S1 (Fig. 2) as a413

nonlinear resistance, our goal is to calculate the instantaneous414

dynamic resistance of the MOSFET at every instant throughout415

the oscillatory cycle. To do this, we measured vDS and iD from416

the experimental setup using a triangle gate voltage as input.417

Figure 5 shows the experimental drain-source voltage (vDS)418

and coil current (iL) (equal to drain current iD) for a419

triangular gate voltage. We then plotted vDS against vGS420

using the experimental data points (blue dots) as shown in421

Fig 6. Here, only the forward path is modeled, which was422

sufficient for the analysis. Additionally, the forward path varies423

from 0 to 10 V, which covers the full range of gate voltage used424

in the experiment. By analyzing the trajectory of the transfer425

characteristics (blue dots in Fig. 6), we found that it follows426

a hyperbolic tangent path since it has both upper and lower427

limit values. Therefore, we used the equation:428

vDSfit =
1
2

(
D1 + D2 + (D2 − D1) tanh

(
vGS − vT

η1 vTH

))
(25)429

The parameters used in curve fitting are provided in Table I.430

B. Current Fit431

From the experimental data of Fig. 5, the current versus432

gate voltage graph is illustrated in Fig. 8(a) with black dots,433

and fitted using Eq. (15). Typically, small-signal MOSFETs434

exhibit an η value ranging from 1 to 2. However, in this435

Fig. 6. Drain-source voltage versus gate voltage of the experimental result
(blue). Red colored curve shows the modeled drain-source voltage fitted curve
in the forward path using Eq. (25).

TABLE I
PARAMETERS AND THEIR VALUES USED FOR CURVE FITTING EQUATIONS

analysis, we selected the η values listed in Table I to achieve 436

a more accurate fit, with η being treated as a fitting parameter. 437

Choosing η values greater than 1 is required to attain a better 438

alignment with the experimental data, particularly given the 439

specific behavior of power MOSFETs. 440

We use p as a function of (vGS −vT), fitted to experimental 441

data. Specifically the exponent of Eq. (15) is given by 442

p = pfit(vGS − vT) where 443

pfit(vGS − vT) =
1
2

(
p1 + p2 + (p2 − p1) tanh

(
vGS − vT

η2 vTH

))
444

(26) 445

The variation of pfit against the gate voltage is shown in Fig. 7. 446

C. Resistance Fit 447

Once we achieve an accurate fit for drain-source voltage 448

and drain current, we can compute the MOSFET resistance as 449
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Fig. 7. Variation of exponent pfit with respect to the gate-source
voltage (vGS).

the ratio of voltage to current:450

rDSfit =
vDSfit

iLfit

(27)451

=

1
2

(
D1 + D2 + (D2 − D1) tanh

(
vGS−vT
η1 vTH

))
io

ln 2 ln
(

1 +

[
exp

(
vGS−vT
η vTH

)]pfit
) (28)452

The MOSFET is now modeled as a resistive element whose453

drain-source resistance rDS is a nonlinear function of vGS only,454

rDSfit = f (vGS) (29)455

Figure 8 shows fitting curves for current and resistance. The456

3D plot in Fig. 9 illustrates the relationship between gate-457

source voltage, drain-source voltage, and drain current (top458

panel) or resistance (bottom panel).459

VI. MODELING THE RLC CIRCUIT WITH TIME-VARYING460

MOSFET RESISTANCE- MATLAB SOLUTION461

With the knowledge of the time-varying MOSFET resistance,462

we can model the RLC circuit using a first-order differential463

equation. This approach allows us to establish a dynamic464

MOSFET description grounded in experimental data. Such a465

model serves as a versatile tool that encapsulates MOSFET466

dynamics and allows prediction of the circuit output for467

arbitrary input voltage waveforms applied to MOSFET gate.468

Once fitting parameters for the MOSFET voltage, current,469

and resistance equations have been obtained, the next step is to470

develop a simulation model that solves the MOSFET-controlled471

RLC circuit shown in Figure 2. The MOSFET is treated as a472

variable resistance rDSfit . The circuit differential equation is:473

di
dt

=
1
L

[
vC −

(
rL + rC + rDSfit(vGS)

)
i
]

(30)474

where rL, rC, vC and L are given in Table I, and rDSfit(vGS) is475

given in Eq. (27). Any vGS(t) waveform can be used to test476

the circuit. Here we use a triangular gate voltage generated by477

the pulstran MATLAB function to match the experimental478

setup shown in Fig. 5.479

In this MATLAB model, Euler’s method was initially used480

to solve the differential equations for capacitor voltage and481

loop current but was later replaced by the more robust 482

ode15s. Euler’s method, while simple, often struggles with 483

accuracy and stability, especially in ‘stiff’ systems where 484

variables change at different rates. ode15s, a variable-order 485

solver, dynamically adjusts the time step for better error 486

control and is more suited for handling the stiffness of 487

the equations describing the MOSFET-controlled RLC circuit. 488

While MATLAB offers a range of ODE solvers, ode15s 489

proved to be the most effective for this system, delivering 490

accurate results that closely match the experimental values. 491

We have implemented the simulation to replicate oscillo- 492

scope readings, where the time base resolution determines the 493

displayed output. Using the ode15 solver, a resolution of 494

0.04 µs corresponds to a total simulation duration of 0.4 ms, 495

while a resolution of 0.2 µs allows viewing five output cycles 496

over 1.6 ms. We observed that the Euler solver performs 497

effectively only at smaller time base resolutions and struggles 498

at higher resolutions where more than two cycles need to be 499

visualized. 500

The current probe used in the experiment has a bandwidth of 501

DC-100 kHz, which leads to a slow response time. In contrast, 502

the oscilloscope used for vL(t) voltage measurements, has a 503

much higher bandwidth of 0-10 MHz. To correct for current 504

probe delay, we advanced the measured current trace by 3 µs 505

prior to plotting (Fig. 5). This leftwards timing offset was also 506

applied to the current traces displayed in MATLAB plots of 507

Figures 10(a) and 11(a). Figure 10(a) shows a good match 508

between experimental measurements and MATLAB model 509

predictions for a triangular gate input voltage. Figure 10(b) 510

shows the oscilloscope capture results of the same 50% 511

symmetry gate voltage input used in simulation. 512

MATLAB simulations produce a perfect gate waveform 513

without any distortion. However, in the experimental setup, 514

the gate waveform exhibits minor distortions caused by 515

the 8-bit quantization noise in digital oscilloscope captures. 516

In Figure 10, the leading edge of the gate voltage shows 517

a step discontinuity instead of the expected smooth voltage 518

ramp. This discrepancy arises because the initial 25 µs of 519

the triangular wave is not captured accurately due to the 520

oscilloscope triggering configuration. However, focusing on 521

the second pulse, we observe a good alignment between the 522

simulation results and the circuit measurements. Since we 523

have not modeled the charging and discharging of the gate 524

capacitance, this process causes a small blips (black circle) 525

at the threshold voltage of the gate voltage, as shown in 526

Fig. 10. These small imperfections can affect the current 527

and voltage waveforms, making them slightly less precise 528

compared to the ideal simulations. Despite these minor 529

differences, the experimental waveforms match the MATLAB- 530

generated output, confirming that the curve-fitting equations 531

have successfully captured the nonlinear resistance behavior 532

of the MOSFET. 533

VII. VALIDATION 534

As a test of the simulation equations, we replaced the 535

triangular gate voltage with a 10 kHz 10 Vpp sinusoidal 536

signal, but modeled with the same parameters as the triangle 537

waveform we compared the output from the ode15s solver 538
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Fig. 8. (a) Transfer characteristics with fitted current curve (red line) and measured data (black dots) using Eq. (15); (b) drain-source resistance with fitted
drain-source resistance curve using Eq. (27).

Fig. 9. Three dimensional view of the output characteristic of the MOSFET and dynamic resistance curve; (a) The measured output characteristic is shown
in black dots, and the red curve shows the fitted drain-source voltage in the forward path; (b) black dots show the dynamic characteristic and, the red curve
shows the fitted drain-source resistance.

with experimental measurements. Figure 11(a) superimposes539

the simulation predictions against experimental measurements540

from the oscilloscope capture shown in Fig. 11(b). It is541

interesting to observe that the output current and voltage542

waveforms are surprisingly insensitive to the shape (triangular543

or sinusoidal) of the input gate voltage drive signal. This is544

because the high voltage occurs near the threshold region545

primarily during turn-off, as the inductor coil only stores 546

energy at that point. In both sinusoidal and triangular 547

waveforms, the slope/points near the turn-off point around 548

the threshold region is similar, resulting in comparable output 549

behavior. 550

Figure 12 presents the experimental and MATLAB results 551

for the quadrilateral gate voltage waveform. The results 552
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Fig. 10. Comparison of ode15s solver solution of the differential equation with the measured experimental values. The experimental measurement is the
MATLAB of the oscilloscope view shown in (b). Blips due to charging and discharging of gate capacitance are highlighted (black circles). Note that the
triangular wave is not accurately captured for the initial 25 µs due to the configuration of the triggering mechanism in the oscilloscope; (b) oscilloscope
measurement of gate voltage (yellow), output coil voltage (magenta) and coil current (blue).

Fig. 11. (a) ode15s Solver solution of the differential equation (red) and experimental results (blue) with sinusoidal gate voltage input; (b) Oscilloscope
measurement of sinusoidal gate voltage (yellow), output coil voltage (magenta) and coil current (blue).

Fig. 12. Verification of experimental and MATLAB data with a quadrilateral
gate voltage of 10 V amplitude.

indicate a good match between the TMS current and voltage553

pulses observed in the experimental setup and those from the554

MATLAB simulations.555

VIII. DISCUSSION556

This approach to MOSFET modeling offers two key advan-557

tages. Firstly, by incorporating a comprehensive mathematical558

model of MOSFET behavior, simulation results provide a good 559

match to the real-world scenarios. Secondly, the flexibility 560

of the code allows for easy modification and adaptation 561

to different MOSFET specifications or circuit configurations. 562

Overall, this code segment serves as a robust tool for analyzing 563

MOSFETs-driven RLC circuits, enabling researchers to gain 564

insights into circuit performance and behavior under varying 565

conditions. 566

However, our approach is carried out in the context of an 567

RLC circuit. Use of Equations (27)-(28) implicitly assumes 568

particular voltage vDS dynamics, and would likely need 569

modifications for a different context. Here we have curve fitted 570

with the parameter range that we got from the experimental 571

data and also by looking the pattern. In contrast, variation 572

of iDS with vGS near threshold is likely to be more robust, 573

approximately independent of vDS as shown in Fig. 3(b). 574

Although we have not yet performed reverse path-curve fitting, 575

Figures 8 and 9 shows a hysteresis separation from the forward 576

path; we believe it is closely related to the gate capacitance 577

charge and discharge dynamics [30]. Despite focusing solely 578

on the forward path from 0 to 10 V, the model still offers a 579

reliable prediction of the output compared to the experimental 580

results. This accuracy can be attributed to the similarity in 581
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shape between the forward and reverse paths in the resistance582

plot shown in Figure 8, despite a time shift. Consequently,583

even without explicitly modeling the reverse path, the negative584

phase of the voltage in the simulation aligns closely with the585

experimental results.586

During experimental data collection, several measurement587

challenges were encountered. The oscilloscope resolution588

made it difficult to capture the full range of data with the589

maximum number of points for both high and low voltage590

levels. When using a 100X probe, the minimum voltage values591

lacked accuracy. To address this, two probes were employed:592

a 100X probe for higher voltage levels and a 10X probe for593

lower voltage levels. The data from both probes were then594

combined in the MATLAB model.595

Additionally, the resolution of the current probe and the596

oscilloscope differed, and we were unable to calibrate the zero-597

current setting on the probe. As a result, the initial inductor598

current values (iL) were not zero or very small, as expected.599

These imperfections will be addressed in the next stage of600

the model, where the gate capacitance will be considered.601

The energy dissipated and power delivered during the tests602

were lower than the rated values specified in the datasheet.603

Additionally, the MOSFET did not heat up during testing,604

indicating minimal thermal stress. As a result, the temperature605

effect has not been considered in the current analysis.606

Existing studies on SiC MOSFET modeling, such as those607

by Tornello [9], Ferretti [10], and Wang [12], emphasize608

datasheet-based methods, lookup tables, and linear analyses609

without considering switching transients. However, they often610

overlook internal variations like dynamic resistance changes.611

Our approach addresses this gap by modeling the MOSFET as612

a dynamically varying resistor, considering smoothing phase613

transition between the sub threshold and above threshold614

region rather than piecewise analysis offering deeper insights615

into device behavior and predicting the output.616

IX. CONCLUSION617

The development of the analytical model for nonlinear618

MOSFET dynamics faced several challenges, including limited619

data from datasheets, unexpected experimental observations,620

and measurement difficulties. Despite these hurdles, the model621

was successfully refined to accurately predict system behavior.622

The neglect of gate capacitance effects, although simplifying623

the model, did not significantly impact the accuracy of624

the results, which closely matched experimental data. The625

complexity of modeling MOSFET dynamics in the RLC626

circuit became evident, particularly when simulation tools627

like Proteus failed to replicate real-world results. However,628

by fine-tuning resistance, threshold values, and utilizing curve629

fitting based on a physical descriptions of the near threshold630

region, the MATLAB model provided reliable predictions.631

This work offers a strong physical foundation for power632

MOSFET modeling, allowing for more accurate simulations633

with minimal additional experimentation.634

This study can be significant because, in the existing635

literature, there are primarily Simulink block models or636

subthreshold equations, with no dedicated equation available637

to cover the full operating range of a MOSFET. Our approach638

can serve as a valuable tool for other researchers to evaluate 639

circuits where the MOSFET is treated as a dynamically varying 640

element. 641

X. FUTURE WORK 642

In future work, we are working to incorporate stray 643

inductance and capacitance effects into the model, as these 644

factors play a critical role in circuit performance. While this 645

study focuses on the initial development stage, we recognize 646

the importance of addressing these elements and will include 647

them in the next phase. 648
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